To study the signaling pathway critical for the secretion of matrix metalloproteinases (MMPs), we examined the role of focal adhesion kinase (FAK) in Concanavalin A (Con A)-stimulated cells. We established a cell line in which FAK gene was conditionally inducible by use of FAK-null ®broblasts and the tetracycline repression system. In this cell line, FAK expression was undetectable in the presence of tetracycline but induced within 1 day by the removal of the drug. We found that FAK expression augmented the Con A-dependent secretion of MMP-9 and MMP-2. In contrast, proteolytic activation of MMP-2 by Con A-treatment did not require FAK expression. In addition, activation of MMP-secretion and tyrosine phosphorylation of FAK by Con A, but not the proteolytic activation of MMP-2, required attachment of the cells to the extracellular matrix. Taken together, our results suggest that the FAK signaling pathway play a pivotal role in the secretion of MMPs.
One of the critical steps for tumor invasion is the destruction of extracellular matrix catalyzed by matrix metalloproteinases (MMPs) (Liotta, 1986) . MMPs such as MMP-2 and MMP-9 are a family of neutral proteinases, secreted from the cells as inactive zymogens, require Zn or Ca ions for their activity and proteolytic cleavage is essential for their activation (Stetler-Stevenson et al., 1989) . In human cancer tissues, augmented secretion and proteolytic activation of MMPs often associated with tumor metastasis (Kataoka et al., 1996) . However, the signaling pathways critical for MMP secretion remain largely unclear.
To study the signaling pathway critical for MMP secretion, we have examined their activities in cells stimulated with Concanavalin A (Con A) (Thant et al., 1997) , ®bronectin (Shibata et al., 1997 (Shibata et al., , 1998 as well as cells transformed with oncogenes (Hamaguchi et al., 1995; Thant et al., 1999) as a model. In these studies, the Ras-MEK1-MAPK signaling played a critical role in MMP secretion, whereas anti-sense experiment suggested that focal adhesion kinase (FAK) was required for the enhanced MMP-9 secretion in FNstimulated ovarian cancer cells (Shibata et al., 1998) . FAK is localized to focal adhesion contacts, activated by cell attachment to the extracellular matrix and appears to regulate cell attachment and motility (Clark and Brugge, 1995; Ilic et al., 1995) , so that it was somewhat unexpected to ®nd the involvement of FAK in MMP-9 secretion.
To con®rm and extend our previous observations, we studied the role of FAK in the Con A-dependent secretion of MMP by use of a conditionally inducible system for FAK together with FAK-null ®broblasts. Con A, a tetravalent lectin, is known to trigger augmented secretion and proteolytic activation of MMPs in ®broblasts, hence widely used for the study of MMP secretion (Hurum et al., 1982; Overall and Sodek, 1990) . Here, we show that expression of FAK in FAK gene-targeted cells recovers the augmented secretion of MMPs, especially MMP-9, by Con Astimulation. In addition, we provide evidence that activation of MMP secretion is associated with FAK activation and requires cell attachment to the extracellular matrix, whereas proteolytic activation of MMP-2 is not.
Homozygous FAK null cell line, FAK (7/7), immortalized by p53 mutation (Ilic et al., 1995) were used throughout the study. As a control, ®broblast cell line, FAK (+/+), was established from the same mouse strain. With FAK (7/7) cell line, we ®rst established cell lines in which FAK expression can be reversibly controlled by tetracycline (Figure 1 ). Fulllength DNA of mouse FAK was ligated into pTetsplice expression vector and transfected together with pTet-Tak and pMAM2BSD into FAK (7/7) cells. Blasticidin-resistant colonies were selected and FAK expression in the absence of tetracycline was probed by immunoblotting with anti-FAK (Hamaguchi et al., 1993) . Tetracycline-dependent expression of FAK in two of several clones we isolated was shown in Figure  1a . Of these clones, clone 1 was used in the following study. In these cells (pTet-FAK cells), complete suppression of FAK expression could be achieved by the daily addition of tetracycline (1 mg/ml) to the medium. On the other hand, expression of FAK in pTet-FAK cells could be established to the level similar to FAK (+/+) cells by the withdrawal of tetracycline within 1 day from the medium.
We examined localization of FAK in pTet-FAK cells in the absence of tetracycline by immuno¯uorescent staining of the cells (Hamaguchi et al., 1993) (Figure  1b ). In the presence of tetracycline, no clear¯uores-cence with anti-FAK antibody was observed. In contrast, cells cultured without tetracycline for 24 h, FAK-¯uorescence was accumulated at the cell periphery in the form of typical focal adhesions, where randomly oriented stress ®bers were terminated (Ilic et al., 1995) . These results suggest that exogenously expressed FAK in FAK (7/7) cells is functional as an endogenous one.
With pTet-FAK cells, we next examined eect of Con A treatment on tyrosine phosphorylation of FAK as well as total cellular proteins phosphorylation (Hamaguchi et al., 1988) . pTet-FAK cells were cultured in the presence or absence of tetracycline for 16 h prior to the stimulation with 15 mg/ml of Con A in serum-free medium for indicated times. As shown in Figure 2a , Con A-treatment induced tyrosine phosphorylation of cellular proteins both in the presence and absence of tetracycline. Interestingly, tyrosine phosphorylation of a band around 125 kDa, which corresponded to the size of FAK (Burridge et al., 1992) , was speci®cally observed in the absence of tetracycline in a time-dependent manner, while its phosphorylation was not obvious in the presence of tetracycline. Under same conditions, FAK was immunoprecipitated and probed with anti-phosphotyrosine antibody and, subsequently, reprobed with anti-FAK antibody. As shown in Figure 2b , expression of FAK was observed only in the absence of tetracycline. Tyrosine phosphorylation of FAK was observed without stimulation but activated by Con A within 20 min of stimulation and lasted over 6 h.
Under these conditions, we next examined the role of FAK in the Con A-dependent MMP secretion. In the absence of FAK, pTet-FAK cells secreted only trace levels of MMP-9 and MMP-2 into medium. Although the levels of secreted MMP were small, proteolytic activation of MMP-2 by Con A-treatment was clearly observed. In contrast, expression of FAK in pTet-FAK cells by the removal of tetracycline dramatically activated the Con A-dependent secretion of MMPs, especially MMP-9, in a dose-dependent manner. Although secretion of both MMP-2 and MMP-9 was activated in FAK-induced condition, their response to the FAK-induction and Con A-stimulation showed a dierence to some extent. While simple induction of FAK, without Con A-treatment, activates MMP-2 secretion, secretion of MMP-9 remained at a low level. In contrast, MMP-9 secretion was dramatically activated by Con A-stimulation in the presence of FAK, whereas response of MMP-2 secretion to Con A-stimulation was relatively moderate. We found relative amounts of MMP-9 secretion were activated up to ®vefold by Con A-stimulation in the presence of FAK. These results suggest that the FAK signaling strongly activates the MMP secretion upon Con A-treatment but is dispensable for the proteolytic activation of MMP-2. (a) pTet-FAK cells were cultured with or without tetracycline (1 mg/ml) and stimulated with Con A (15 mg/ml) for the indicated times. After incubation, tyrosine phosphorylation of cellular proteins was analysed by immunoblotting with anti-phosphotyrosine antibody (Transduction Lab.) as described previously (Hamaguchi et al., 1988) . (b,c) Under same conditions, pTet-FAK cells were cultured. After incubation for the indicated times, cells were subjected to immunoprecipitation with anti-FAK as described previously (Hamaguchi et al., 1993) . Immunoprecipitates were probed with anti-phosphotyrosine (b, Transduction Lab.) and reprobed with anti-FAK (c)
We next examined intracellular levels of MMP-9 and MMP-2 by immunoblotting. Interestingly, neither FAK-induction nor Con A-treatment changed intracellular levels of MMPs (Figure 3b ). In addition, the levels of MT1-MMP, which catalyzes the proteolytic activation of MMP-2, remained unchanged after FAKinduction and Con A-stimulation. These results suggest that FAK is required mainly for the secretion rather than the production of MMPs.
Earlier studies suggest that tyrosine phosphorylation of FAK requires attachment of the cells to the extracellular matrix (Burridge et al., 1992; Kornberg et al., 1992) , and tyrosine phosphorylation of FAK is important for the FAK signaling (Clark and Brugge, 1995) . To obtain more clues, we examined whether Con A-dependent secretion of MMPs requires the attachment of the cells to the extracellular matrix. FAK (+/+) cells were cultured on dishes or kept suspended and stimulated with 15 mg/ml of Con A. After incubation for 16 h, conditioned media were collected by centrifugation and subjected to zymography. FAK was immunoprecipitated from the cell lysates. As shown in Figure 4 , tyrosine phosphorylation of FAK by Con A-treatment required the attachment. In the attached condition, both MMP-2 and MMP-9 were secreted in substantial amounts and their secretion was activated by Con A-treatment. In contrast, secretion of MMPs, especially MMP-9, was strongly suppressed and did not respond to Con Astimulation in the suspended condition. Interestingly, proteolytic activation of MMP-2 by Con A-treatment was clearly observed in the suspended condition to the level similar to that in attached condition. These results again strongly suggest that the FAK signaling is required for the augmented secretion of MMP-9 and MMP-2 by Con A-treatment, while it is dispensable for the proteolytic activation of MMP-2 by Con A.
In this report, we showed the direct evidence for the ®rst time that FAK is required for the augmented secretion of MMP-9 and MMP-2 stimulated by Con A. Weiner et al. (1993) reported that increased levels of FAK-expression were observed in a wide range of human invasive tumors in a tumor-speci®c manner. Their observations are consistent with our results. In contrast to MMP secretion, proteolytic activation of MMP-2 and MT1-MMP expression did not require FAK expression, suggesting that the signaling pathways critical for the secretion of MMPs may dier, at least in part, from those for the proteolytic activation of MMP-2. We found that intracellular levels of MMPs in FAK-deprived condition were retained to the levels similar to those of FAK-induced condition. Since FAK is accumulated to the focal adhesion contact, down-stream eector rather than FAK itself may regulate the secretion of MMPs. Identi®cation of the down-stream signaling critical for the MMP secretion is an important problem to be clari®ed. Figure 3 Con A-dependent secretion and intracellular production of MMP-2 and MMP-9 in the presence or absence of FAK. pTet-FAK cells were cultured with or without tetracycline and stimulated with indicated doses of Con A. After incubation for 16 h, conditioned media were collected and subjected to zymography with gelatin-embedded gels (a) and immunoblotting with anti-MMP-9 (b; Santa Cruz Biotech.) or anti-MMP-2 (c; Santa Cruz Biotech.). Relative activities of MMP-9 and MMP-2 assayed by NIH image were described at the bottom of (a). Cells cultured under same conditions were harvested. Relative levels of MMP-9 (d), MMP-2 (e), FAK (f) and MT1-MMP (g) were analysed by immunoblotting as described previously (Hamaguchi et al., 1995; Thant et al., 1999) Figure 4 Secretion of MMPs and activation of FAK phosphorylation by Con A in the attached and the suspended conditions. FAK (+/+) cells were washed with serum-free medium and stimulated with Con A (15 mg/ml) for 2 h in the attached or the suspended conditions. After incubation, cells were harvested and subjected to immunoprecipitation with anti-FAK. Immunoprecipitates were probed with anti-phosphotyrosine (a) or anti-FAK (b) antibodies. Similarly, pTet-FAK cells were stimulated with Con A for 2 h, washed with serum-free medium and incubated with serum-free medium for 16 h. Conditioned media were collected by centrifugation and analysed by zymography (c) Oncogene A role for FAK in the Con A-dependent secretion of MMP-2 and -9 TT Sein et al
